Endothelin-1 (ET-1), a peptide that is secreted by keratinocytes in the skin in response to ultraviolet irradiation, is a ligand for the endothelin-B (ET B ) receptor. Blockade of this receptor inhibits melanoma cell growth and induces cell death in vivo and in vitro. Additionally, ET B is a melanoma progression marker. These findings suggest that the ET-1/ET B receptor pathway contributes to melanoma development or progression. Here, we demonstrate that activation of the ET-1/ET B pathway downregulates E-cadherin and associated catenin proteins in human melanocytes and melanoma cells. E-cadherin is an established suppressor of melanoma cell invasion in vitro and in vivo. Downregulation of Ecadherin by ET-1/ET B involves the downstream activation of caspase-8 but not of distal, executioner caspases, and does not lead to apoptosis. ET-1 also induces a transient association between caspase-8 and E-cadherin:b-catenin complexes. Hence, activation of the ET-1/ET B pathway promotes molecular events known to promote melanoma invasion.
Introduction
Melanocytes are the pigment-producing cells of the epidermis that undergo malignant transformation in malignant melanoma. Through their dendritic processes, melanocytes contact multiple keratinocytes, the predominant cell type in the epidermis. The adhesion molecule E-cadherin mediates cell:cell contact between these two cell types (1) . Keratinocytes control the growth rate and phenotype of melanocytes in the epidermis in an E-cadherin-dependent fashion (2) . In vitro, loss of contact with keratinocytes causes melanocytes to dedifferentiate and to express melanoma-associated adhesion molecules (3) . E-cadherin, which is a tumor invasion suppressor, is downregulated in most melanoma cells, and this renders them refractory to keratinocyte-mediated control (2) . Forced expression of E-cadherin in these cells restores keratinocyte-mediated control and inhibits melanoma invasion in vitro and in vivo (2) . Since mutations of E-cadherin have not been discovered in melanoma cells, an epigenetic cause for the decrease in E-cadherin expression levels has been postulated (2) .
Endothelin-1 (ET-1) is a 21-amino acid peptide secreted by keratinocytes, which stimulates proliferation, chemotaxis, and pigment production in melanocytic cells (4, 5) . Ultraviolet irradiation (UVR), which is strongly linked to melanoma development, induces a marked and sustained increase in ET-1 secretion by keratinocytes (6, 7) . A recent report demonstrates focal epidermal ET-1 hypersecretion and endothelin-B (ET B ) overexpression in human skin samples from pigmented skin lesions called lentigo senilis (8) . ET B receptor expression gradually increases as melanocytic lesions progress from nevi to malignant melanomas, suggesting that the ET B receptor, as well as its ligand, ET-1, play a role in the tumor progression of malignant melanoma (9) . Another report has demonstrated that ET B receptor blockade induces growth arrest and death of melanoma cells in vivo and in vitro (10) . All of these studies suggest an important role for the ET-1/ET B receptor pathway in the development of melanocytic neoplasms, but the molecular basis for this role is unknown. Here, we demonstrate that ET-1 is a potent downregulator of E-cadherin in human melanocytes and melanoma cells. We describe a novel mechanism for this response, which involves activation of the ET B receptor and activation of caspase-8. We further demonstrate that low levels of ET-1 secreted by keratinocytes in response to UVR are sufficient to downregulate E-cadherin in melanocytic cells. from neonatal foreskins as described (11) . SKMEL28 and M20 cells were a generous gift from J.C. Bystryn (New York University School of Medicine, New York, New York, USA). A375, WM-266-4, and WM-115 melanoma cells were purchased from the American Type Culture Collection (ATCC; Rockville, Maryland, USA). WM123 cells were a gift from Meenhard Herlyn (The Wistar Institute, Philadelphia, Pennsylvania, USA). Human epidermal keratinocytes and culture medium (EPI-life) were purchased from Cascade Biologics. Culture conditions for melanocytes and melanoma cells were as described (2) . All melanocytes used were from passage 5 to 15, and all were from normal nontransformed primary cell culture isolates. Briefly, melanoma growth medium (MGM) was four parts MCDB153 (Sigma-Aldrich, St. Louis, Missouri, USA), one part L15, insulin 5 µg/ml, transferrin 10 µg/ml, 4% FBS (HyClone Laboratories, Logan, Utah, USA), and 1 mM Ca 2+ . FBS was reduced to 2% for ET-1 stimulations. Melanocyte growth medium was MGM supplemented with 10 -7 M 12-O-tetradecanoyl phorbol-13-acetate (PMA), 80 µg/ml bovine pituitary extract, 5 ng/ml human EGF. Two weeks prior to ET stimulation, water-soluble 12,13-phorbol dibutyrate (10 -6 M) was substituted for TPA. Before ET stimulation, melanocytes were grown for 2 days in phorbol-free melanocyte growth medium. All media and supplements were obtained from Invitrogen Life Technologies Inc. (Carlsbad, California, USA) unless otherwise noted. Where indicated, 1 µM BQ123 and 1 µM BQ788 were added to cells 1 hour before ET-1 addition. ET-1, ET-3, BQ123, BQ788, were from Peninsula Laboratories Inc. (Belmont, California, USA). Caspase inhibitors (218773, 235423, 218767,400011, 218776; Calbiochem-Novabiochem Corp., San Diego, California, USA) all contained a 16-amino acid signal peptide derived from Kaposi fibroblast growth factor to confer cell permeability, followed by the specific 4-amino acid caspase cleavage site (Ac-AAVALLPAVL-LAALAPXXX′ ′D-CHO).
Western blot analysis. For E-cadherin analysis, cells were lysed in RIPA buffer (1% NP-40, 0.5% deoxycholic acid, 10 mM Tris, pH 8.0, 150 mM NaCl, 50 mM NaF, 0.2 mM sodium vanadate, 1 mM DTT, 1× protease inhibitors-Boehringer complete; Roche, Indianapolis, Indiana, USA). Lysates were quantitated using protein assay reagent (Bio-Rad Laboratories, Hercules, California, USA) and 1.0 µg of protein per sample used for 7% SDS-PAGE (unless samples were prepared from A375, WM-266-4, or WM-115 cells, in which case 100 µg of protein per sample was used). For analysis of β-catenin and p120 CTN , membrane-enriched fractions were prepared as follows: cell pellets were resuspended in threepellet volumes of buffer A (10 mM HEPES, pH 7.5, 1.5 mM MgCl 2 , 10 mM KCl, 10 mM NaF, 1 mM sodium vanadate, 2 mM EDTA, 1× protease inhibitorsBoehringer complete/EDTA-free, 1 mM DTT) and allowed to swell for 10 minutes on ice. Cell membranes were disrupted by vortexing for 20 seconds, and membranes were pelleted by centrifugation for 10 seconds.
Supernatants containing cytoplasmic proteins were discarded. Membrane pellets were then solubilized in RIPA buffer as described above. Samples containing 2.5 µg (p120 CTN ) or 0.6 µg (β-catenin) of protein were analyzed by 7% SDS-PAGE. For analysis of caspases, crude cytoplasmic extracts were prepared as described for the catenin proteins, except that cytoplasmic supernatants were supplemented with 0.1 vol of buffer B (0.3 M HEPES, pH 7.5, 0.03 M MgCl 2 , 1.4 M KCl). Supernatants were then clarified by centrifugation, and 20 µg of protein per sample were analyzed by 14% SDS-PAGE for caspase immunoblots. All except caspase blots were developed using the enhanced chemiluminescence detection system (Amersham Biosciences, Piscataway, New Jersey, USA). Caspase blots were developed using Super Signal West Femto Maximum Sensitivity Substrate (Pierce Chemical Co., Rockford, Illinois, USA). Ab's were as follows: anti-E-cadherin, anti-pp120, anti-β-catenin, anti-caspase-3, -7 (Transduction Laboratories, Lexington, Kentucky, USA); anti-CD44, anti-ICAM-1 (R&D Systems Inc., Minneapolis, Minnesota, USA); anti-N-cadherin (a gift from Peggy Wheelock, University of Idaho, Moscow, Idaho, USA); anti-E-cadherin-NT (anti-E-cad-NT) (clone HECD-1; Zymed Laboratories Inc., San Francisco, California, USA); anti-mouse and anti-goat IgG horseradish peroxidase (HRP; Santa-Cruz Biotechnology Inc., Santa Cruz, California, USA), anti-caspase-8 antibody (Upstate Cell Signaling Solutions, Waltham, Massachusetts, USA). The anti-caspase-8 antibody was used at a 1:4,000 dilution in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 1% Tween 20), filtered through a 0.2-µM filter, and then supplemented with 1% powdered milk. Anti-mouse IgG HRP was then used at a 1:5,000 dilution, then filtered and supplemented with powdered milk as above. All caspase Ab's used were directed against epitopes within the caspase catalytic domains and therefore recognized both the zymogen and catalytic subunits of the capases in question.
Northern blot analysis. Total RNA was isolated from cells using TRIzol reagent (Invitrogen Life Technologies Inc.). RNA (20 µg per sample) was subjected to agarose gel electrophoresis, and samples were transferred to nylon membranes. E-cadherin, β-catenin, and GAPDH-radiolabeled cDNA probes were generated using RediPrime (Amersham Biosciences).
Ultraviolet B irradiation of keratinocytes, IL-1 stimulations, and ET-1 ELISA. Ultraviolet B (UVB) irradiation was carried out using a Stratagene 2000 illuminator specially equipped with FG15T8 bulbs, which produce maximal output in the UVB range. Irradiations were carried out per established protocols as described previously (6, 12) . These protocols report the need for multiple rounds of irradiation spaced at 48-hour intervals to induce keratinocyte secretion of ET-1. We first titrated the UVB dose to the percentage of cell viability and determined that doses greater than 2 mJ/cm 2 resulted in greater than 5% cell death; therefore, we used doses of less than or equal to 2 mJ. Briefly, keratinocytes at 90% confluence in 10-cm 2 dishes were rinsed once in PBS, which was then aspirated, and cells were irradiated without tissue culture dish lids. Cells were then fed 5 ml of fresh medium. Two subsequent irradiations were performed at 48-hour intervals with replacement of original medium afterward. Medium was supplemented with 2 ml of fresh medium after the last irradiation, and conditioned medium was then collected 24 hours later. IL-1-keratinocyte-conditioned medium (KCM) was collected after a 4-day stimulation of keratinocytes with 40 pg/ml purified recombinant human IL-1α (Calbiochem-Novabiochem Corp.). ET-1 concentrations in KCM were determined using a colorimetric ELISA kit for human ET-1 (R & D Systems Inc.).
Immunoprecipitation. Twenty micrograms of membrane-enriched fractions (prepared as described above) were diluted in 500 µl of IP buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% NP-40, protease inhibitors), precleared with 25 µl anti-mouse IgG agarose (SigmaAldrich), then incubated with 5 µg anti-caspase-8 Ab (Upstate Cell Signaling Solutions) for 1 hour on ice. After addition and incubation with 25 µl of anti-mouse IgG agarose, complexes were washed twice in IP buffer and boiled in 50 µl 2× SDS-PAGE loading buffer. Ten microliters per sample was used for E-cadherin and β-catenin immunoblots, and 25 µl was used for p120 CTN immunoblots. For the β-catenin immunoprecipitations, lysates were first normalized for β-catenin content as determined by Western blot analysis. The starting amount of protein ranged from 5 to 25 µg. Immunoprecipitations were then carried out as described above using 5 µg of anti-β-catenin Ab. Twenty-five microliters of sample was used for E-cadherin Western blot analysis. 
Stimulation of cells with ET-1-conditioned medium.
SKMEL28 cells (10 6 ) in 10-cm 2 dishes were stimulated with 10 nM ET-1. After 40 hours, conditioned medium was collected from dishes as well as from unstimulated control dishes. Conditioned medium (4 ml) was added to SKMEL28 cells, or the melanocytes were seeded at 50% confluence in 60-cm 2 dishes. Cells were monitored at the indicated time points and examined for E-cadherin protein levels as described previously.
Results

ET-1 downregulates E-cadherin.
ET-1 typically elicits delayed intracellular signaling responses in melanocytes. ET-1-dependent dendrite extension in melanocytes occurs maximally at 48 hours after stimulation (12) . In addition, ET-1 induced-fibroblast-like morphology changes in melanocytes are best appreciated at time points beyond 48 hours (11) . Delayed and sustained responses to ET-1 are also commonly observed in vascular smooth muscle cells (13) . Thus, a delayed physiologic response to ET-1 stimulation is commonly observed. Accordingly, we investigated the effect of ET-1 on E-cadherin protein levels at both early and late time points. Human neonatal melanocytes (71201L and FM2030) and human melanoma cells (SKMEL28) were stimulated with synthetic purified ET-1 at a 10-nM concentration over a 40-hour time course, and lysates were examined for E-cadherin protein levels. This concentration of ET-1 is identical to that used in most reports. At early time points, spanning 15 minutes to 24 hours after ET-1 stimulation, no significant change in E-cadherin protein levels was detected in either cell type ( Figure 1a , upper-middle and lower-left panels). However, by 40 hours, an approximate tenfold decrease in E-cadherin protein is evident in both cell types. Stimulation of cells with ET-1 for just 3 hours, followed by its withdrawal, still resulted in a delayed downregulation of E-cadherin observed at the 40-hour time point (Figure 1a , lower-right panel). This suggests that the critical ET-1-mediated signaling events occur within the first 3 hours of ET-1 stimulation and that the subsequent presence of ET-1 is not necessary for E-cadherin downregulation to occur. It should be noted that the delayed kinetics of the response are seen in both melanocytes and melanoma cells despite the fact that only melanocyte growth medium, unlike MGM, contains phorbol ester. This suggests that the kinetics represent a phenomenon that is not influenced by phorbol-responsive pathways. The downregulation of E-cadherin by ET-1 was observed in eight other primary melanocyte cultures and three additional melanoma cell lines (M20, WM123, and WM-266-4; Table 1 ). In A375 and WM-115 melanoma cells, E-cadherin protein was undetectable at baseline. It is unlikely that the decrease in E-cadherin protein levels observed in ET-1-treated cells is due to ET-1-dependent mitogenesis because such a mechanism would require a tenfold increase in cell number between 24 and 40 hours, and neither melanocytes nor melanoma cells divide this rapidly. In addition, one would expect to see a similar decrease in other cell surface molecules. As demonstrated, ET-1 had no effect upon expression levels of three such molecules: CD44, N-cadherin, and ICAM ( Figure 1, a and b) . These results also demonstrate the specificity of the response for E-cadherin. Northern blot analysis of E-cadherin mRNA demonstrated that its abundance was unchanged by treatment with ET-1, suggesting a posttranscriptional mechanism of downregulation ( Figure 1c) . Thus, ET-1 downregulated E-cadherin with the delayed kinetics characteristically observed for other ET-1 effects.
Downregulation of E-cadherin by ET-1 is dose responsive and requires activation of the ET B receptor.
There are two well-characterized ET-1 receptors, an A subtype (ET A ) and a B subtype (ET B ) (14) . Both subtypes are expressed in melanocytes, while most melanoma cells, including SKMEL28 cells, lose expression of the ET A and express only the ET B receptor (15) . ET-1 binds with equal affinity to both receptor subtypes (4, 5, 16) . To determine which receptor subtype mediates E-cadherin downregulation, studies were repeated in the presence of a selective ET A receptor antagonist, BQ123 (4), or a selective ET B receptor antagonist, BQ788 (10) . Both antagonists prevent ET-1 receptor binding and were used at a 100-fold molar excess relative to ET-1, a concentration widely shown to effectively block ET-1 binding (17) . BQ788, but not BQ123, blocked E-cadherin downregulation by ET-1 in both melanocytes and melanoma cells (Figure 1d ), indicating that ET B receptor activation is required for this response. In addition, SKMEL 28 cells do not express the ET A receptor (15) , further reinforcing that the response is mediated by ET B . Downregulation of E-cadherin by ET-1 is dose-responsive in both melanocytes and melanoma cells (Figure 1e, lanes 1-4) . ET-3, a selective ET B receptor agonist that is not secreted by keratinocytes (14) , also potently downregulated E-cadherin (Figure 1e , far right lanes), providing a second line of evidence that the ET B receptor mediates the response. Since keratinocytes do not secrete ET-3 (6), all further studies were performed using ET-1. These results reveal a previously unknown function for ET B . Mutation of the ET B receptor causes migratory failure of neural crest-derived cell populations during embryogenesis, resulting in Waardenburg-Shah syndrome in humans (patchy absence of epidermal melanocytes and aganglionic megacolon) (14) . During the migratory phase of neural crest cells, suppression of E-cadherin expression through ET B receptor activation likely prevents premature cell aggregation. Most melanoma cells do not express the ET A receptor (15) , making them phenotypically similar to undifferentiated melanocyte precursors that express the ET B and lack the ET A receptor (18) . In the adult, loss of the ET A receptor in the melanoma cell, coupled with overexpression of the ET B receptor and epidermal ET-1 hypersecretion, may recapitulate the embryonic migratory phenotype and promote melanoma invasion through loss of E-cadherin.
Conditioned medium from irradiated keratinocytes downregulates E-cadherin in melanocytic cells. UVB irradiation induces ET-1 secretion by keratinocytes (6). We therefore determined whether E-cadherin could be downregulated in melanocytic cells by physiologic levels of ET-1 secreted by keratinocytes in response to UVB irradiation. Human keratinocytes were irradiated with 1-2 mJ/cm 2 of UVB, which are doses yielding less than 5% cell death in our studies. Although it is difficult to extrapolate from in vitro studies, this has been estimated as approximately half the dose that basal layer keratinocytes receive during a mild sunburn (19) . Conditioned medium (UV-KCM) was then collected and used to stimulate melanocytes and melanoma cells for 40 hours. As shown (Figure 1f, left panel) , UV-KCM collected from keratinocytes irradiated at 1 mJ/cm 2 of UVB had no effect on E-cadherin levels in melanoma cells relative to the effect of KCM collected from nonirradiated cells. In contrast, UV-KCM collected from keratinocytes irradiated at 2 mJ/cm 2 strongly downregulated E-cadherin approximately tenfold. Higher doses of irradiation were not used because they produced unacceptable levels of cell death (>5%). Prior treatment of melanoma cells with BQ788 blocked the ability of UV-KCM at 2 mJ/cm 2 to
Figure 2
Downregulation of p120 CTN and β-catenin by ET-1. Lysates normalized for protein content were analyzed for p120 CTN and β-catenin protein levels were analyzed using immunoblots (internal controls for a and b are shown in Figure 1a) . downregulate E-cadherin (Figure 1f , left panel, far right lane), demonstrating that E-cadherin downregulation by UV-KCM occurs via an ET B receptor-dependent pathway. UVB irradiation of keratinocytes induces secretion of IL-1α, which acts in an autocrine fashion to stimulate secretion of ET-1 (6). To determine whether IL-1α stimulation of keratinocytes could substitute for UVB irradiation, we treated keratinocytes with purified recombinant human IL-1α at a concentration of 40 pg/ml, which corresponds to the amount of IL-1α secreted by keratinocytes in response to UVB irradiation (6) . IL-1-KCM was collected after 4 days and used to stimulate melanocytic cells for 40 hours. IL-1-KCM also downregulated E-cadherin in melanocytic cells, and this downregulation was blocked by ET B receptor antagonist BQ788 (Figure 1f, middle panel) . In contrast, treatment of melanocytic cells with purified recombinant IL-1α failed to downregulate E-cadherin (Figure 1f , right panel), providing evidence that IL-1α is not the agent in UV-KCM and IL-1-KCM responsible for eliciting the response. Since keratinocytes do not secrete ET-3 (6), and since ET-1 is the only other known ET B ligand, ET-1 is the most likely agent in UV-KCM and IL1-KCM responsible for eliciting the response.
ET-1 concentrations in KCM were determined by ELISA. As shown in Figure 1g , levels of ET-1 secretion induced by IL-1α and UVB at a dose of 2 mJ/cm 2 were approximately double that secreted at baseline. A UVB dose of 1 mJ/cm 2 did not augment ET-1 secretion by keratinocytes (Figure 1g ). This suggests that
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The ET-1 levels must exceed a critical threshold for E-cadherin downregulation to occur and that ET-1 levels secreted by keratinocytes at baseline are insufficient to elicit the response. UVB dose responsiveness of ET-1 secretion also correlates with ET-1 as the active agent in UVB-KCM and IL-1-KCM responsible for E-cadherin downregulation. The concentration of keratinocyte-derived ET-1 required to downregulate E-cadherin (36 pM) is approximately 14-fold lower than that required for the synthetic preparation of ET-1 used earlier (0.5 nM), which is likely due to a higher biologic activity. It is also possible, however, that KCM contains additional soluble factors that may augment E-cadherin downregulation by ET-1. In addition, serum albumins interfere with ET-1 receptor binding (20) , and culture medium for melanocytes and melanoma cells requires serum addition for cell viability. However, keratinocyte culture medium, which is used for the UVB/IL-1 studies, is serum free and will not impair ET-1 receptor binding. Serum-free keratinocyte medium can support the growth of melanocytic cells if conditioned previously with keratinocyte factors (12) . ET-1 downregulates p120 CTN and β-catenin. The catenins are cytoplasmic proteins that bind E-cadherin and are critical for E-cadherin function in cellular adhesion (21) . We therefore investigated the effect of ET-1 stimulation upon these proteins by analyzing their abundance every 2 hours following treatment with ET-1. In both melanocytes and melanoma cells, ET-1 stimulation decreased the protein levels of p120 CTN , a member of the catenin family, markedly observed by 40 hours (Figure  2a) . In SKMEL28 cells, no significant decrease was noted at early time points spanning 15 minutes to 24 hours (Figure 2a) . In melanocytes, a slight (approximately twofold) decrease was noted at the 18-and 24-hour time points (Figure 2a) . The delayed kinetics of p120 CTN downregulation correlate well with those of E-cadherin downregulation. BQ788, a selective ET B receptor antagonist, blocked ET-1-mediated downregulation of p120 CTN levels (Figure 2c, left panel) . ET-1 also downregulated β-catenin protein in melanoma cells and melanocytes, with kinetics paralleling those observed for E-cadherin and p120 CTN downregulation (Figure 2b) . No downregulation of β-catenin was observed at time points prior to 24 hours in melanoma cells. However, a slight downregulation (approximately twofold) was observed in melanocytes at the 18-and 24-hour time points, but by 34 hours, protein levels were comparable to that observed in unstimulated cells. Downregulation of β-catenin was inhibited by the selective ET B receptor antagonist BQ788, but not by BQ123 (Figure 2c, right panel) , again demonstrating that this response is mediated by ET B . Northern blot analysis demonstrated no ET-1-dependent decrease in β-catenin mRNA abundance (Figure 2d) , suggesting a posttranscriptional mechanism of downregulation. Despite the delayed onset of E-cadherin, p120 CTN , and β-catenin downregulation by ET-1, the reduction in protein levels occurs rapidly during a short time period corresponding to 38-40 hours in melanoma cells and 34-40 hours in melanocytes (Figure 2, a and b) , identical to that of E-cadherin downregulation. The half-life of E-cadherin is approximately 5 hours (22), and β-catenin is extremely stable when E-cadherin is expressed in cells (21) . Given the stability of E-cadherin and catenin proteins, the rapidity of the observed ET-1-dependent decrease in protein levels is suggestive of a process involving the proteolytic degradation. In addition, ET-1 induced a slight increase in the electrophoretic mobility of p120 CTN first detected at 36-38 hours (Figure 2a ) and possibly indicative of proteolytic cleavage. Since we were unable to reproduce this shift by phosphatase treatment of pp120 CTN (data not shown), we next investigated whether protease activation is involved in the downregulation of E-cadherin by ET-1.
Downregulation of E-cadherin by ET-1 is inhibited by a cellpermeable caspase-8 inhibitor.
Caspases are proteases best known for their role in apoptotic cell death, although they also participate in inflammatory processes independent of apoptosis (23) . During apoptosis, caspases cleave catenins and E-cadherin, resulting in a rapid decrease in protein levels (24) (25) (26) . Staurosporine, a well-known activator of caspases, induces a very slight increase in the electrophoretic mobility of p120 CTN , strikingly similar to the mobility shift observed in Figure 2a (27, 28) . Moreover, ET-1 can induce apoptosis in approximately 15% of A375 melanoma cells subjected to double thymidine block, suggesting that ET-1 is capable of activating caspase family members (29) . It should be noted, however, that in this study ET-1 failed to induce apoptosis in asynchronously growing cells and, in fact, can be used to support long-term proliferation of melanocytic cells (30) . To determine whether caspases were involved in the downregulation of E-cadherin by ET-1, studies were carried out in the presence of cell-permeable inhibitors of different caspases (Figure 2e ). Inhibitors were added to cells 34 hours after ET-1 addition, and cells were harvested 6 hours later at the 40-hour time point. Each inhibitor was added to unstimulated cells to serve as an internal control for the effect of each inhibitor on E-cadherin levels at baseline. When compared with the appropriate internal control, only inhibitors containing the sequence IETD (specific inhibitor of caspase-8) or DEVD (inhibitor of caspase-3, -7, -8) (31) blocked downregulation of E-cadherin by ET-1. Only the caspase-8-specific inhibitor was effective at the 1 nM concentration, which approximates the physiologic inhibitory concentration (K I ) for both inhibitors (Figure 2f, upper panel) (31) . At a 10-nM concentration, both IETD and DEVD inhibitors blocked E-cadherin downregulation by ET-1 (Figure 2f, lower panel) . Thus, E-cadherin downregulation is exquisitely sensitive to these inhibitors, which are routinely used in the micro-and even millimolar ranges to exert an inhibitory effect on caspase activity. Inhibitors specific for caspase-1, -4, -5, -6, -9, and -10 were without effect at either the 1-nM or 10-nM concentrations, suggesting that these caspases are not involved in the response. The caspase-8 inhibitor (IETD) also blocked downregulation of β-catenin and p120 CTN by ET-1 (Figure 2f ). These results suggest that caspase-8, and possibly caspase-3 and -7, are activated in response to ET-1 stimulation and participate in the downregulation of E-cadherin, β-catenin, and p120 CTN proteins by ET-1.
ET-1 activates caspase-8 but fails to activate executioner caspase-3 and -7. Immunoblot analysis was performed to determine whether caspase-8, -3, or -7 were activated in response to ET-1 stimulation of melanocytic cells. Of these three caspases, only caspase-8 was activated in ET-1-stimulated cells, as evidenced by the proteolytic processing of its 54-kDa zymogen (Figure 3a , left and right panels). Caspase-8 activation was monitored at 2-hour intervals and is first detectable approximately 36 hours after ET-1 stimulation (early time points not shown), thus correlates very well with the delayed downregulation of E-cadherin and catenin proteins by ET-1. The cell-permeable inhibitor of caspase-8, shown in Figure 2 to inhibit E-cadherin downregulation, also blocked the proteolytic processing of caspase-8 (Figure 3b ), indicating that caspase-8 activation may be required for downregulation of E-cadherin by ET-1. No proteolytic processing of caspase-3 or -7 was detectable in ET-1-treated cells (Figure 3c) . Observation of cells for cell viability was conducted and, as reported in the literature (30) , no decrease in cell viability was noted as far out as 72 hours after ET-1 stimulation. The apparent failure of ET-1 to activate distal caspases in melanocytic cells, despite the activation of caspase-8, is consistent with its failure to induce apoptosis in these cells. It is possible that the low level of caspase-8 activation observed in these studies is sufficient to downregulate E-cadherin and catenin proteins, but insufficient to activate distal executioner caspases. Furthermore, it is well established that ET-1, at the concentrations used in this study, does not induce cell death in either melanocytes or melanoma cells (4, 5, 12) . In addition, melanoma cells and nevus cells express members of the IAP (inhibitor of apoptosis protein) family, including survivin and livin (32, 33) . IAPs prevent activation of caspase-3 and -7, while they have no effect on caspase-8 activation (32) . These data therefore demonstrate that activation of caspase-8 is involved in the response of melanocytic cells to ET-1, which is associated with downregulation of E-cadherin and catenin proteins. While other caspases might also be involved, it is clear that caspase-3 and -7 do not play a role in the ET-1-mediated response, and their inactivity likely prevents the induction of apoptosis by ET-1 in these cells.
ET-1 induces a transient association between caspase-8, E-cadherin, and β-catenin. Immunoprecipitation studies were performed to determine whether ET-1 induces an association between caspase-8, E-cadherin, and catenin proteins. In unstimulated cells, caspase-8 does not associate with β-catenin (Figure 3d ). However, treatment of cells with ET-1 induces a transient association of β-catenin with caspase-8, which was strongly detected at the 36-and 38-hour time points as shown, but that is not observed at 40 hours. These time points coincide with the kinetics of caspase-8 activation and correlate well with the onset of E-cadherin and catenin downregulation by ET-1 shown earlier. No association was detected prior to the 36-hour time point (data not shown). Caspase-8:β-catenin association is specifically inhibited in vivo by treatment of cells with a cell-permeable caspase-8 inhibitor (Figure 3d , far right lane). Since this inhibitor also blocks downregulation of β-catenin, these results suggest that the transient association with caspase-8 plays a role in downregulation of β-catenin by ET-1. In addition, since this inhibitor prevents caspase-8 activation, these data further suggest that β-catenin associates predominantly with the activated form of caspase-8. In contrast, p120 CTN was associated with caspase-8 in both ET-1-stimulated cells and in unstimulated controls, although to a lesser extent, suggesting that a subpopulation of p120 CTN might form complexes exclusive of E-cadherin and β-catenin (Figure 3e ). ET-1 also induces a transient association between caspase-8 and E-cadherin at 36 and 38 hours (Figure 3f ), which can be blocked in vivo by a cell-permeable inhibitor of caspase-8 ( Figure 3f , far right lane). Time points prior to 36 hours failed to reveal caspase-8:E-cadherin association (data not shown). As for β-catenin, these data suggest that transient association with caspase-8 plays a role in E-cadherin downregulation by ET-1 and that E-cadherin associates with the activated form of caspase-8. Interestingly, the apparent molecular weight of E-cadherin detected in association with caspase-8 is approximately 95 kDa, 25 kDa smaller than the expected molecular weight. This 95-kDa fragment can also be detected in β-catenin immune complexes from ET-1-treated melanocytic cells but not in unstimulated controls (Figure 3g ). In contrast with caspase-8 immune complexes, however, β-catenin immune complexes are additionally associated with full-length E-cadherin. A caspase cleavage site has been identified at amino acid site 750 of human E-cadherin, and the molecular weight of the large fragment generated by cleavage at this site is 94 kDa (26) . During apoptosis, the 94-kDa E-cadherin subfragment is shed from the cell surface and is therefore undetectable in whole cell lysates (26) . Although we are able to detect this E-cadherin fragment in caspase-8 and β-catenin immune complexes, as expected, it cannot be detected in whole cell lysates (Figure 1a) . We can, however, detect a 95-kDa E-cadherin fragment in culture medium collected from cells, but since its levels are not significantly increased by ET-1 treatment, it is likely that it is also shed during normal turnover of E-cadherin (Figure 3h) .
Overall, these results demonstrate that caspase-8 associates with the E-cadherin:β-catenin complex in an ET-1-dependent manner. While not proven, it is reasonable to conclude that this association likely plays a role in downregulation of E-cadherin and β-catenin by ET-1. The mechanism by which ET-1 downregulates E-cadherin and catenin proteins has been described previously in the literature (24, 26) . Briefly outlined, caspase activation results in the cleavage of E-cadherin, with shedding of a large amino-terminal fragment and release of the cytoplasmic catenin-binding domain. Since E-cadherin stabilizes catenin proteins at the plasma membrane (21), cleavage of E-cadherin results in destabilization and rapid degradation of catenin proteins by targeting to the proteosome (34) . The pathway we describe here is novel in that it is induced by a physiologic agent (ET-1) and caspase activation occurs independently of apoptosis. We also describe here, we believe for the first time, a direct association of caspase-8 with the E-cadherin:catenin complex in vivo, which is consistent with the proposed mechanism of action. A curious feature of ET-1 action, which is not understood for any of its reported activities, is the delayed response. Studies are ongoing to understand the molecular basis for the extensive delay between ET-1 treatment of cells and its physiological effects. It is possible that ET-1 induces the secretion of a factor that acts upon melanocytic cells in an autocrine fashion to downregulate E-cadherin and induce delayed morphology changes, as reported in other studies (11, 12) . It may be that this factor needs to accumulate in culture medium and reach a critical concentration to mediate its effects. In support of this hypothesis, conditioned medium collected from melanocytic cells after 40 hours of ET-1 stimulation rapidly downregulates E-cadherin when transferred to new cells, while conditioned medium from unstimulated controls does not (Figure 3i ). Conditioned medium from ET-1-stimulated cells downregulates E-cadherin within 1 hour to levels comparable to that seen after 40 hours of stimulation with purified ET-1. These data are consistent with the notion that ET-1 stimulates the secretion of a factor that acts in an autocrine fashion to downregulate E-cadherin in melanocytic cells. It likely takes 40 hours for concentrations of this factor to be effective. Future studies will be aimed at the identification of this factor and at the elucidation of its activities.
Discussion
We have demonstrated that ET-1 downregulates E-cadherin through a novel mechanism involving caspase-8 activation that occurs in the absence of apoptotic cell death. One of the early hallmarks of apoptosis is cytoskeletal reorganization and retraction from neighboring cells, possibly due to E-cadherin downregulation (25) . Our study suggests that while this process requires caspase activation, it can be uncoupled from apoptotic cell death. We also have demonstrated that caspase-8 can associate, in an inducible fashion, with members of the E-cadherin:catenin complex, which may decrease the stability of this complex, leading to a rapid decrease in protein levels. Our results therefore suggest that caspases, in addition to mediating apoptotic events, also participate in processes affecting adhesion and cell phenotype.
The keratinocyte plays an important role in regulating normal functions of the melanocyte in the epidermis, including growth rate and pigment production (35) . Thus, aberrant signaling from the keratinocyte may contribute to the abnormal growth patterns of melanocytic cells observed during melanoma development and progression. While ET-1 secreted at low levels plays a role in maintaining melanocyte viability and in stimulating melanin production in response to UVR (6), epidermal ET-1 hypersecretion, coupled with the increase in ET B receptor expression that occurs in melanoma progression, may generate local populations of melanocytes with the potential to escape the epidermis due to a loss of E-cadherin. During the initial phases of melanoma progression, such populations may clinically resemble nevi (moles), which are known to express decreased E-cadherin levels and can demonstrate invasion into the dermis (36, 37) . During later stages of melanoma development, such populations may represent invasive melanomas. There are two possible mechanisms that might account for focal epidermal ET-1 hypersecretion: (a) chronic UV damage to the epidermis may generate focal populations of keratinocytes secreting abnormally high levels of ET-1, as has been demonstrated in skin samples from lentigo senilis lesions (8) , and (b) alternatively, factors produced by neoplastic melanocytic cells themselves may act upon keratinocytes in a paracrine fashion to stimulate constitutive ET-1 hypersecretion. Cells from nevi and thin melanomas secrete low levels of TNF-α, while thick and metastatic melanomas additionally secrete IL-1α (38) . Both TNF-α and IL-1α are potent inducers of ET-1 secretion in the keratinocyte (7, 38) . Thus TNF-α and/or IL-1α secretion by atypical melanocytes may create an abnormal signaling loop resulting in constitutive ET-1 secretion by adjacent keratinocytes. While exposure to high levels of ET-1 may promote a proliferative, migratory, and invasive state in melanocytic cells, possibly inducing mole formation and lentigines, such exposure is unlikely to be sufficient for the induction of frank malignancy. Acquired or germline mutations of genes that affect growth-regulatory pathways are required for melanocytic tumors to be malignant. However, activation of the ET-1/ET B pathway, in combination with these mutations, may generate melanomas with the potential for local invasion into dermal regions through downregulation of E-cadherin. It is interesting that studies have suggested that Ras activation is required for melanoma invasiveness (39) . While activating mutations of Ras are rarely found in malignant melanoma, ET-1 is a known activator of Ras (40) and may therefore play a complex role in invasiveness. Melanocytic cells that have escaped the epidermis and invaded the underlying dermis, moreover, might continue to be stimulated by ET-1 of endothelial cell origin. High levels of endothelial ET-1 are localized to dermal perivascular regions (5) . Since ET-1 is chemotactic for melanoma cells, it may recruit melanoma cells to the vasculature, thereby promoting metastatic spread (5).
ET-1 is secreted by a variety of cancer cells, including prostate, mammary, pancreatic, colon, and ovarian cancer cells, and stimulates their proliferation in an autocrine fashion (5, 41, 42) . In clinical trials, systemic delivery of ET receptor antagonists is showing promise in the treatment of metastatic prostate cancer (43) . In view of our findings, ET-1, through downregulation of E-cadherin, might participate with other factors in promoting growth and invasiveness of carcinomas.
